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Abstract 


This  study  investigated  the  residual  strength  of  the  unidirectional  and  cross-ply 
laminates  of  SCS-6  /  Ti-l5-3,  metal  matrix  composite  at  elevated  temperature  A2TC 
(80()‘’F)  after  under  tension-tension  load  controlled  mode.  For  this  purpose,  several 
specimens  were  fatigued  to  various  fractions  of  the  fatigue  life  and  then  loaded 
monotonically  to  failure.  The  purpose  of  this  study  was  to  determine  the  effects  of 
different  levels  of  fatigue  damage  on  the  composite’s  .strength. 

The  unidirectional  specimens  were  cycled  at  a  900  MPa  maximum  stress  at  a 
frequency  of  10  Hz,  while,  Ihe  cross-ply  specimens  were  tested  at  both  300  MPa  and  450 
MPa  at  5  Hz  and  10  Hz,  respectively.  The  residual  strength  results  for  the  three  cases 
showed  similar  trends  in  that  residual  strengih  drop  with  cycles  was  small  until  near  the 
end  of  the  fatigue  life.  Both  the  unidirectional  and  cros.s-ply  specimens  dem.onstrated 
only  a  small  drop  of  the  residual  strength  with  cycles  until  near  the  end  of  the  fatigue  life. 
Thus,  the  material  exhibits  a  critical  or  catastrophic  failure  behavior  as  the  presence  of 
damage  must  reach  a  critical  level  before  it  has  much  effect  on  the  composite. 

The  failure  mode  for  the  monotonic  tests  was  dominated  by  the  strength  of  the 
fibers  for  both  longitudinal  and  cross-ply  laminates.  Also,  the  inelastic  deformation  of 
the  composite  was  found  to  be  dominated  by  matrix  plasticity.  For  the  fatigue  tests, 
debonding  between  fibers  and  matrix  was  found,  which  produced  crack  initiation  sites. 
These  crack  initiation  sites  were  observed  on  both  the  surface  of  and  internal  within  the 
specimens.  Matrix  cracks  from  Ihesc  damage  sites  proceeded  to  propagate  transverse  to 
the  load  and  fiber  directions. 


Residual  Strength  After  F.  igue  of  Unidirectional 
and  Cross-Ply  Metal  Matrix  Composites 
at  Elevated  Temperature 

1  .Introduction 

Meta!  matrix  composites  materi-  is  have  several  advantages  compared  to  metallic 
materials.  They  possess  higher  rigidity  and  specific  strength,  good  oxidation  resistance 
and  considerable  flexibility  in  high  temperature  applications.  In  many  aerospace  and  other 
applications,  metal-  matrix  composites  (MMC)  will  be  subjected  to  fatigue  loading  along 
with  a  superimposed  variation  in  temperature,  so  stmctural  components  niu.st  perform 
well  under  a  wide  range  of  mechanical  and  thermal  loading  conditions.  MMCs  could 
provide  the  fatigue  endurance  to  survive  high  temperature  and  high  stress  euvironments, 
They  are,  therefore,  currently  being  developed  for  high  temperature  applications  in  engine 
and  structures  of  hypersonic  flight  vcliicles  which  require  a  stiff,  light  weight  material 
capable  of  carrying  significant  thermal  and  mechanical  loads. 

There  are  three  basic  matrix  categories  of  composite  materials  (ceramic  matrix, 
polymeric  matrix,  and  metal  matrix  composites).  Ceramic  matrix  composites  are  usually 
ceramic  fibers  embedded  in  a  ceramic  matrix.  They  liave  excellent  properties  at  liigh 
temperature  because  of  their  thermal  characteristics,  but  are  too  brittle  for  most 
applications.  Polymeric  composites  are  generally  compo.sed  of  graphite  fibers  embedded 
in  a  polymer  matrix.  They  have  good  strength  characteristics,  but  poor  thermal  properties. 
Metal  matrix  composites  blend  excellent  characteristics  ol'  maintaining  good  mechanical 
properties  at  high  temperature  conditions  for  aerospace  applications. 
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Titanium-based  metal-matrix  composites,  such  as  SCS-6,n['i-15-3  and  SCS-6/Ti-6- 
4,  have  been  r.tudied  extensively  because  the  titanium  alloy  matrix  can  be  used  at  high 
temperature,  and  these  composites  have  higher  specific  strength  than  any  conventionally 
structural  materials.  A  titanium-based  alloy  reinforced  with  continuous  silicon  carbide 
fibers.  SCS-6/Ti-15-3,  which  exhibits  a  high  strength-to-weight  ratio  (stiffness,  strength, 
fracture  toughness)  and  good  thermal  resistance,  is  a  good  model  material  to  study  the 
basic  features  of  titanium  metal-matrix  composites.  In  an  uncoated  state,  the  SiC/Ti-15-3, 
a  good  model  composite  system  has  a  potential  application  temperature  ranging  from 
room  temperature  up  to  350  C.  The  composite  must  be  coated  for  use  above  550  C  to 
prevent  excessive  oxidation  of  the  matrix  [I]. 

The  unidirectional  [()]«  and  cross-ply  [O/OOI^s  laminates  ol  SCS-6/Ti- 1 5-3  metal- 
matrix  composite  arc  the  subject  of  the  present  study.  Before  these  materials  can  be  used 
effectively  in  aerosptice  design,  they  must  be  fully  characterized.  A  parameter,  a  very 
important  to  designers,  is  the  material’s  tesidual  strength.  This  represents  its  remaining 
strength  after  it  has  undergone  some  prior  load  hi.story.  The  present  work  seeks  to 
investigate  this  parametei'  after  fatigue  loading. 

The  primary  objective  of  the  pre.sent  work  is  to  characterize  the  residual  strength 
of  the  unidirectional  and  cross-ply  laminates  of  the  SCvS-6/Ti- 15-3,  a  titanium  alloy 
matrix  based  composite.  Tension-tension  fatigue  loading  of  the  laminates  were  conducted 
and  then  stopped  at  a  given  numbci  of  cycles.  These  specimens  were  then  monolonicaily 
loaded  to  failure  to  determine  the  residual  strength.  All  tests  were  conducted  under  an 
isothermal  environment  at  an  elevated  temperature  ot  427"C  with  a  minimum  load  to 
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maximum  load  ratio,  R,  ol'O.Ofi,  Loading  frequencies  of  5  Hz  and  10  Hz  were  used  wuii 
a  triangular  waveform.  Both  the  fatigue  and  monotonic  tests  were  conducted  under  load- 
control  mode,  and  all  monotonic  loads  to  failure  were  conducted  at  the  rate  of  15  MPa/s. 
Assessing  the  long-term  propertie.s  requires  analysis  of  the  basic  mechanisms  of 
degradation  and  incorporation  of  this  knowledge  in  development  of  appropriate  material 
models.  Analy.ses  of  composite  damage  must  take  an  interdisciplinary  approach, 
combining  the  physics  ol'  damage  and  th;  mechanics  of  .solids.  Therefore,  the  present 
study  will  also  examine  the  microstructural  damage  mechanisms  leading  to  failure  to 
provide  the  basis  for  choosing  appropriate  models. 


2.  Previous  Works 


A  fatigue  phenomenon  has  three  distinct  regions.  The  first  is  the  initiation  of  the 
crack  which  occurs  at  a  location  of  high  stre.ss  concentration.  For  a  fiber  reinforced  metal 
matrix  composite  material,  crack  initiation  usually  occurs  either  at  the  surface  or  at  the 
interface  of  the  fiber  and  matrix.  The  second  region  is  the  crack  propagation  which  will 
vary  depending  on  the  composite  construction  and  layup.  Metal  matrix  fiber  reinforced 
composites  arc  of  a  layered  construction.  Each  layer  is  composed  of  either  fiber  mats  or 
the  metal  matrix  fail.  The  third  region  is  charactcizcd  by  rapid  crack  propagation 
followed  by  fractiire. 

Unidirectional  fiber  reinforced  composites  possess  excellent  fatigue  resistance  in 
the  fiber  direction  which  carries  most  of  the  load.  Fatigue  damage  wnliiii  a  composite 
occurs  in  one  or  more  forms  such,  as  failure  of  the  fiber  and  matrix  interface,  matrix 
cracking,  fiber  breaking,  and  ply  delamination.  The  nature  of  the  fatigue  will  vary  not 
only  between  composites  of  different  constituent  materials  but  also  between  composites 
of  difl'erent  constructions  and  layup.  Fatigue  failures  result  from  repealed  loading  and 
unloading  of  a  given  strucluie.  At  higher  load,  a  given  structure  will  have  a  much  shorter 
life.  Contrary,  at  the  lower  load,  the  life  is  a[)parently  longer. 

Johnson,  Lubowinski,  and  flighsmith  conducted  fatigue  tests  of  SCS-6/Ti-! 

|2].  These  tests  were  performed  on  live  different  lay-ups,  |()|k,  |9()Jk,  1()2/±4.5],s,  [O/dOjis, 
and  |()/±4.‘i/9t)|s  at  room  temperature  and  a  cyclic  frequency  of  10  M/..  The  stress  in  the  ()'' 
fibers  was  determined  tnrough  a  niicromechanics  approach,  and  a  correlation  was  made  to 
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determine  the  fatigue  life  of  different  laminates  containing  ()”  plies.  Such  correlations 
may  be  useful  for  predicting  the  fatigue  life  of  various  types  of  layups. 

Gabb,  Gayda,  and  Mackay  also  invc.stigaled  the  fatigue  behavior  of  SCS-6  /  Ti- 
15-3  unidirectional  inetal-matrix  composite,  but  at  elevated  temperatures  of  300  C  and 
550  C  as  well  as  under  nonisothermal  conditions  [3].  They  performed  fatigue  life  tests  in 
a  load  controlled  mode  (stress  basis)  and  concluded  that  the  matrix  didn’t  control  the 
fatigue  life  of  the  composite.  At  high  stress  level  and  at  550  C,  fiber  and  matrix  interface 
crack  initiation  followed  by  matrix  crack  propagation  was  thought  to  limit  the  fatigue  life 
of  the  composites.  They  found  that  the  composite  .showed  an  increase  in  mean  strain,  due 
to  the  creep  of  the  matrix,  over  the  I'atigue  life  test  at  550  C.  However,  at  300  C,  the  mean 
strain  remained  constant  throughout  the  fatigue  life  te.st.  They  also  observed  that  allltough 
the  fatigue  life  of  the  composite  exceed  that  of  the  matrix  alloy  on  a  stress  basis,  the 
fatigue  life  of  the  matrix  exceeded  that  of  the  composite  on  a  strain  basis. 

Castelli,  Ellis,  and  Bartolotta  invc.sligated  the  thermomechanical  (from  93  C  to 
540  C)  and  isothermal  (427  C)  fatigue  behavior  of  the  SCS"6/Ti-15-3  metal  matrix 
composite  14|.  They  found  that  the  faiigiie  lives  were  significantly  reduced  under 
thermoincchanieal  conditions  when  compai'-d  U)  llmse  rrblained  under  (he  comparable 
isothermal  conditions.  They  also  observed  that  cyclic  mean  strain  significantly  increasetl 
over  the  first  several  thousand  cycles  and  continued  to  increa.se  gradually  throughout  the 
life  of  the  specimens.  This  suggests  that  creep  cannot  be  ignored  al  (his  temperature  of 


427"C. 


5 


•  •  •  • 


•  •  • 


«) 


» 


I 


I 


» 


I 


» 


I 


» 


•  • 


9 


Lerch  and  Saltsman  made  an  investigation  into  the  damage  mechanisms  produced 
by  tensile  loads  at  room  temperature  (RT)  and  427  C  for  various  layup’s  of  the  SCS-6Al'i- 
I5--3  composite  system  (  [01s,  [90]s,  i±301s,  |0/9()j2.s,  [()/±45/901s  )  [5],  The  damage  was 
examined  through  microscopic  evaluation,  and  a  micromechanical  stress  analysis 
program  (ANGPLY)  was  used  to  understand  the  observed  damage  mechanisms. 

An  additional  study  of  the  unidirectional  SCS-6/ri-15-3  fatigue  behavior  at  high 
temperature  (650  C)  was  conducted  by  Pollock  and  Johnson  [6],  They  also  related  the 
fatigue  behavior  to  the  fiber  stress  in  the  ()"  ply  as  in  the  previous  study  [3], 

Mall  and  Portner  investigated  the  fatigue  behavior  of  the  cross-ply  laminate,  SCS- 
6/Ti-15-3  at  427  ”C  17],  This  study  was  performed  to  examine  the  damage  initiation  and 
progression  in  this  material  at  the  elevated  temirerature.  The  fatigue  tests  were  all 
performed  in  load  control  mode  under  the  tension-tension  loading  condition  with  a  load 
ratio  of  0. 1  and  at  two  frequencies  of  0.02  and  2  Hz.  Damage  was  monitored  throughout 
the  test  by  acetate  edge  replication  and  quantified  in  terms  of  the  initial  modulus  and  the 
value  of  the  modulus  during  the  test.  I’hey  found  that  the  two  different  frequencies  had 
different  strains  at  lailure  which  indicated  two  different  modes  of  failure.  For  the  high 
frequency  test,  brittle  cleavage  fracture  of  the  matrix  was  the  dominant  influence  on 
specimen  lailure.  Cleavage  fracture  occurs  when  a  crack  follows  a  preferred  cryslalk)- 
graphic  plane  along  the  grains.  At  high  frequency  the  material  tended  to  strain  harden. 
For  low  frequency  tests,  which  were  exposed  to  the  high  temperature  for  lor.rcr  periods 
of  time,  the  libers  failed  prior  to  matrix  failure.  The  matrix  age  hardened  significantly. 


Newaz  and  Majumdar  investigated  crack  initiation  in  a  unidirectional  laminate  of 
SCS-6/Ti-15-3  with  a  center  hole  [8],  Their  purpose  was  to  characterize  the  crack 
initiation  and  crack  growth  from  the  holes,  as  well  as  determine  the  crack  initiation  sites 
and  whether  the  cracks  were  through-the-thickness  cracks.  The  fatigue  tests  were  stopped 
])rior  to  failure  for  sectioning  and  polishing  .so  that  metal lographic  examination  could  be 
performed.  They  found  that  the  fatigue  loaded  specimens  developed  four  major  cracks 
around  the  periphery  of  (he  hole.  Thc.se  cracks  were  through-the-thickness  matrix  cracks, 
and  they  bridged  the  fibers.  Newaz  and  Majumdar  used  the  Ilcncky-Von  Mi.ses  distortion 
energy  theory  to  predict  the  point  around  the  hole  where  yielding  would  begin.  The  major 
cracks  formed  between  65"  and  72°  from  the  loading  axis,  "'hich  was  accurately 
predicted  from  the  Hencky-Von  Miscs  yield  criterion.  It  is  believed  that  the  initiation  is 
controlled  by  the  local  inelastic  strain  of  the  matrix  19j.  They  also  performed  several 
monotonic  tensile  tests  usitig  the  same  material  and  the  same  notch  condition.These 
specimens  developed  cracks  90"  from  the  loading  axis.  They  determined  that  the 
monotonic  spccitncns  failed  due  to  fiber  failure  while  the  fatigue  tested  si)ecimens  failed 
due  to  matrix  failure. 

Naik  and  John.son  investigated  the  damage  initiation  in  notched  SCS-bTri- 1 5-3 
using  the  laminate  lay-ups  of  [OIk,  |()j/±45|2,  |()/±4.5/9()l2,  and  |0/9()|2,s  IK)].  Some 
specimens  contained  center  holes  while  the  others  contained  double  edged  notches.  Two 
different  types  of  loading  were  used  on  these  ics's.  The  first  type  was  a  constant 
amplitude  load  over  the  life  of  the  entire  specimen.  I'hc  second  type  was  an  incremental 
airproach.  In  this  type  of  loading,  the  specimen  is  fatigued  lor  50, ()()()  cycles  at  one  load 


level  and  then  50,000  cycles  at  t’.ic  next  higher  load  level.  One  of  their  conclusions  was 
that  debonding  and  matrix  cracking  served  to  reduce  the  effect  of  the  stress  concentration. 
They  observed  only  matrix  cracks  and  no  fiber  crack.s.  They  also  noticed  that  the  heat 
treated  specimens  and  the  as  fabricated  materials  behaved  in  a  similar  manner. 

Boyum  investigated  the  fatigue  behavior  of  unnotched  cro.s.s-ply,  SCS-6/Ti-15-  3  at 
room  temperature  under  both  tension-compression  and  tension-tension  loading  [II].  She 
compared  the  results  of  tension -compression  at  room  temperature  fatigue  testing  for  the 
cross-ply  layup  with  the  tension-tension  at  room  temperature  results.  It  v/as  found  on  a 
maximum  applied  stress  basis  as  well  as  an  effective  strain  range  basis  that  the  tension- 
compression  specimens  had  shorter  fatigue  lives  than  the  tension-tension  specimens,  and 
this  was  caused  by  the  additional  damage  and  plasticity  sites  which  existed  only  in  the 
tension-compression  load  case.  Along  with  the  room  tcmneralurc  fatigue  testing,  she  also 
studietl  the  high  temperature  fatigue  behavior  (427  C)  under  tcnsion-compiession.  The 
efl'eclive  strain  range  was  found  to  be  ti  good  parameter  for  comparing  fatigue  lives  under 
different  loading  conditions. 

As  indicated  in  this  chapter,  extensive  experimental  studies  into  the  fatigue 
characteristics  of  the  SCS-bfl'i-IS  3  composite  .system  have  been  accomplished.  As  ;i 
result,  fatigue  life  maps  of  the  material  under  many  different  loading  enviix)nments  arc 
now  available  to  designers,  ilowever,  not  only  is  understanding  the  fatigue  life  important, 
but  the  remaining  or  residual  strength  of  the  material  after  undergoing  specific  numbers 
of  cycles  or  types  of  loadings  is  also  critical.  Aerospace  structures  and  their  components 
t'olkrw  the  strict  maintenance  and  replacement  .schedules.  A  single  critical  component 
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failure  may  result  in  catastrophic  failure  of  the  total  system.  Therefore,  it  is  essentitJ  to 
know  the  strength  characteristics  of  the  component  at  a  given  time  and  be  able  to  project 
when  the  component  must  be  leplaccd.  In  spite  of  its  importance,  very  little  residual 
strength  characterization  data  are  available  for  titanium  MMCs.  Such  experimental  data 
and  analysis  techniques  are  necessary  if  the.se  materials  arc  to  be  safely  used  in  real 
applications.  Thus,  the  present  study  represents  the  first  step  in  this  direction. 

Several  experimental  works  have  ob.scrvcd  the  reduction  of  the  elastic  modulus  in 
the  loading  direction  during  fatigue  of  the  polymeric  composites  [12].  In  fact,  some 
researchers  have  attempted  to  relate  the  modulus  degradation  to  the  interior  damage  [13]. 
Sufficient  evidence  that  stiffness  change  is  an  indicator  of  damage  in  composites  has 
indeed  been  established  by  Gottesman,  Ha.shin,  and  Brull  [14J. 

One  obvious  condition  promoting  damage  in  titanium  matrix  cotnposites  is  the 
mistnatch  of  coefficient  of  thermal  expansion  (CTIf)  between  filter  and  matrix.  However, 
it  has  been  pointed  out  by  Gabb  ot  cil.  [1.3]  and  Mall  el  id.  [16]  pointctl  out  that  the 
specimens  subjected  to  10,000  thermal  cycles  (from  300'’C’  to  .‘i0()"r)  under  zero  load  did 
not  I  shibil  degraded  tnechanical  respon.ses  during  tests.  However,  owing  to  the  thermal 
expansion  coefficients  of  the  constituents  of  the  com|)o.site  differing  substantially,  and 
because  the  volume  fraction  of  the  fibers  is  about  0.3.3,  thermal  residual  slresse.s  that 
develop  during  cooling  from  the  proce.ssing  temperalu  ",  can  have  a  decisive  effect  on  the 
deformation  of  the  composite.  Fiber  deformation  is  purely  elastic,  recovery  of  the 
composite  strain  is  possible  by  annealing  the  deformed  composite  after  unloading,  d’hc 
fibers  recover  their  original  shape  elastically,  inducing  rever.se  creep  in  the  matrix.  This 
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3.  Material,  Specimen,  and  Test  Procedures 


3.1  Specimens  Descriptions 

The  material  studied  in  this  investigation  was  a  titanium  matrix  composite.  The 
titanium  metal  matrix  is  reinforced  with  continuous  Silicon  Carbide  (SiC)  fibers  to  form 
various  composite  layups.  The  prc.sent  study  examines  unidirectional,  |0|h,  and  cross-ply, 
[0/90]2s  lay-ups.  Each  layup  contained  a  total  of  8  plies.  The  SiC  fibers  were  made  by 
Textron,  undei  trade  name  of  SCS-6.  These  fibers  were  manufactui'cd  by  chemical  vapor 
deposition  (CVD)  on  carbon  core  I’ilamenl.  An  outer  coating  was  applied  to  the  SiC  fiber 
to  protect  the  inherent  surface  defects  resulting  from  the  CVD  proc  s  and  to  enhance  the 
abrasion  resistance  and  compatibility  with  the  titanium  matrix,  and  this  coating  was 
composed  of  an  overlay  of  caibon-rich  nonstoichionietric  amorphous  SiC  on  top  of 
amorphous  carbon  1 19|.  The  unidirectional  or  cross-ply  liber  mats  were  made  from  fibers 
(with  certain  interl'iber  space),  binder,  and  molybdenum  (Mo)  wires  used  to  cross-weave 
the  SiC  fiber  in  the  desired  position.  The  nominal  chemical  composition  of  the  titanium 
matrix,  Ti-lfi  3  in  weight  ijcrcentage  is  shown  in  Table  1,  'I’he  const ilucnls  properties  of 
the  comjiositc  material  are  given  in  'fable  2  12()|.  It  was  inoduced  by  hot  isostatic  i^ressing 
(HIP)  by  jdacing  alternating  layers  of  fibers  and  thin  matrix  foil. 

'fhe  specimens  were  originally  cut  from  the  as  received  rectangular  plate.  The 
si)ecimen  edges  were  then  polished  to  remove  any  tlamage  from  cutting.  Also,  the 
unidiieciioiial  specimens  were  cut  in  a  dogbone  shape  to  ensure  failure  within  the  gauge 
section. 
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Table  1.  The  Chemical  Compositions  of  the  Titanium  Metal  Matrix,  Ti-15-3 
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constituent 

percentages  (%) 

V 

15 

Cr 

3 

Sn 

3 

A1 

3 

O 

0. 13{niax.) 

N 

().03(max.) 

C 

().03(max,) 

H 

0.015 

Fc 

0.3(max.) 

Ti 

Remaining 

Table  2.  Material  Properties  of  Fiber  &  Matrix  at  427'‘C 

Pi'operty 

Fiber  (SCS-O) 

Matrix  (Ti-15-3) 

Modulus.  E  (CiPa) 

440 

SO 

Yield  Stress  (MPa) 

H(M) 

525 

CoelTicietil  ol  Thermal 
Expansion,  a  ( 10'^’  /"  C) 

4.0 

10 

Poisson's  Ratio,  v 

0.25 

0.36 

Ullimale  Strength,  auH 
(MPa) 

3550  (approx.) 

S65 

Atj 
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A  sketch  of  the  unidirectional  specimens  as  shown  in  Figure  1.  The  cross-ply 
specimens  were  cut  into  rectangular  coupons  with  the  dimensions  as  shown  in  Figure  2. 


L 

- 4 


GL=  1.27  cm  R=  116cm 

W  =  0.9  cm  G  =  0. 1 K  cm 

Figure  1.  Geometry  of  Dogbone  Specimens 

A  pictorial  view  of  the  cross-ply  is  demonstrated  in  Figure  3.  The  average 
curvature  of  test  specimens  was  1  160  min  (45.7  in.).  All  specimens  were  machined  using 
a  dianurnd  encrusted  blade  and  then  wrapped  in  titanium  foil  and  heat  treated  at  7()0'’C  for 
24  hours  in  an  aigon  atmosphere  to  produce  a  stabili/ed  matrix  microstructure  by 
precipitating  out  the  a  phase  (i.e.,  stabilize  the  microstructure  of  the  matrix  material). 
This  heat  liealmerit  has  also  been  shown  to  reduce  the  resitlual  stress  produced  during 
Fabrication  i  1 1.  The  a:, -received  titanium  alloy  is  a  metaslabie,  beta  {|f)  phase  alloy. 
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L:  15.2cni(Length), 
W:  0.7cm(Width), 

T  :  0.20cm(Thick.ncss) 


Figui  c  2.  The  Geometry  of  Cross-Ply  Specimens 
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()"  Fiber  (SiC) 


-Carbon  Core 


Matrix 


90”  Fiber  (SiC) 


F’igurc  3.  Side  View  of  Cross-Ply  Laminate 
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3.2  Test  Set-up 


Before  the  fatigue  test  was  started,  the  alignment  of  the  specimen  was  ensured  to 
get  pure  axial  loading.  The  fatigue  tests  were  conducted  with  a  minimum  /  maximum  load 
ratio  (R)  of  0.05.  Fatigue  testing  was  conducted  on  a  .servo-hydraulic  test  machine  under 
load  controlled  mode.  This  was  on  the  810  Material  Test  System  (MTS  810)  as  shown  in 
Pigure  4  with  a  5  Kips  load  cell  which  was  configured  with  water-cooled  hydraulic  grips. 
A  quartz  rod,  air-cooled,  extensometer  was  u.sed  to  measure  the  displacement  over  the 
gauge  length  of  0.5  in.  (12.7  mm).  The  elevated  temperature  (427  C)  was  controlled  by 
two  1,000  W,  tungsten  filament,  water-cooled,  parabolic  strip  lamps  located  on  each  side 
of  the  specimen.  The  tests  were  performed  using  load  control  under  isothermal  (427'’C) 
conditions  with  a  load  ratio  (or  stress  ratio)  of  0.05,  and  frequencies  of  10  Hz  and  5  Hz. 
The  mechanical  load  was  applied  with  a  irianglular  waveform  as  shown  in  Figure  5.  The 
fatigue  test  profile  was  obtained  from  a  Zenith  4.3.3D  computer  through  a  program  called 
“loadtcst”  developed  at  the  Materials  Di.''cctoratc,  Wright  Laboratory.  The  profile  for  the 
test  included  the  tnaximurn  stress  to  be  reached,  the  stress  ratio,  R,  specimen  area,  A, 
loading  frequency,  f,  temperature,  T,  cic. 

Before  running  the  tests,  all  the  specimens  were  tabbed  in  the  grip  area  with  the 
aluminum  plate  (25inrn  x  7.52mm)  through  an  epoxy  adhesive.  This  required  the  speci¬ 
mens  to  be  heated  to  162"F  for  2  hours  in  order  to  cure  the  adhesive.  Three  thermo¬ 
couples  were  welded  on  the  surtace  of  each  specimen  inside  the  gauge  sectic 
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0.0  O  1  0->>  (>.:»  0.4  O.J>  «.(»  C)-/  O  0  0.9  1.0 

_ _ _ Tiino  (soc) 

Figure  .“i.  Load  Time  lli.story  Cor  Unidireelional  Laminulc.s,  Frequency  (i) 
=  R=().05,  c,„;,x=9()()MPa,  al  42r'C 


The  po.silion  ol  the  thei  inocouple.s  and  tlic  quartz  lainp.s  in  relation  to  tlte 
specimen  during  the  tests  is  shown  in  Figure  (i.  One  thermocouple  was  mounted  directly 
beneath  each  lamp,  iind  the  third  was  placed  in  the  center  of  the  gauge  section.  The 
displacement,  and  hence,  strain  in  the  gauge  section  was  measured  with  an  extensometer 
mounted  close  to  the  side  ol'  the  specimen.  Two  quartz  exien.somclcr  rods  remained  in 
contact  with  the  specimen  through  a  small  spring  force.  ,See  Figure  6  for  a  picture  of  the 
test  set-up. 


9 


I 


l  iLiiri'  ().  I’osiiion  u!  l  Aicnsonioier  on  S|iccnncn 


3.3  l  est  Procedures 

3.3.1  Piikliroclionjil  |(1|„  I^iiniiiuite 

I'isc  unidircL'lional  spcciinciis  were  tested  at  ■I27''(’  with  R,  i)r0,()3.  rieqiieiiL'y  ol 
It)  II/,  and  a  iii;i.\iiiiuiii  stress  ol  dDO  Ml'  .  1  ..si  .i  ralipiie  lest  w;is  eoiidiieiei.1  iitnler  these 
euiidilKiiis  1(1  ohiaiii  the  rtiiliiiv  lile  llhe  in'e  a-,  ■  e\.,..s  Id  raihirei  of  the  iiiiidireelidiial 

.SC.S  fi/'I'i  13  h  Nest.  Id.ldw  dii  tests  \M.'e  .lopped  at  73';,  30';.  and  73';  I'alieiie  life  ol 
till'  Inst  ralieiied  speeniieii.  These  s|H\iMteiis  uere  then  loaded  to  Taihiie  at  a  loiidiiij:  title 
dl  13  Ml’:i,/s  to  net  the  residual  siieiiL>,lh  ol  MMCs.  .'Mso.  a  smiile  speeiineit  w  ith  no  prior 
laliene  loadnin  \\;is  loaded  sl;ilieall\  to  hiilure  iiiider  ;i  I  3  MI';t/s  hiiidiiiu  rale  to  obtain  the 
slienniit  ol  the  s  irniii  iiialeruil. 


e 


At  times,  extensometer  slip  occurred  during  the  le.st.  If  the  extent  of  the  slipping 


was  outside  or  clo.se  to  the  limits,  the  test  was  stopped  and  the  extensometer  rods  were 
reset.  Upon  completion  of  the  test,  any  di.splacement  data  recorded  after  the  slip  occurred 
was  shifted  to  provide  a  match  in  the  total  displacement  both  before  and  after  the  slip. 

3.3.2  Cross-Ply  10/90]2s  Laminate 

Six  cross-ply  specimens  were  performed  with  a  frequency  of  10  11/,  at  maximum 
stiess  of  450  MPa,  and  the  other  .seven  cross-ply  specimens  were  conducted  with  a 
frequency  of  5  H/.,  at  maximum  stiess  300  MPa.  These  tests  were  conducted  under  load 
eontrollcd  mode  with  R  ratio  of  0.05  at  427'’r.  The  test  procedures  were  the  same  as  that 
for  the  unidirectional  laminates  except  that  in  this  case  it  was  important  to  choose  ;i  stress 
level  below  the  first  [ily  failure  (FPl-)  of  the  material.  The  testing  results  are  described  in 
the  next  chapter. 

3.4  Damage  A.s.sessment 

Three  teehniques  to  assess  the  damage  mechanisms  were  used  in  this  study.  They 
are  an.ilysis  ol'  fracture  surface  by  scanning  electron  micro.sco|re  (SliM),  examination  of 
fiber  damage  away  from  the  fracture  area  by  etching  the  matrix  from  the  fiber  and  using 
SliM,  and  examination  ol  the  matrix  and  fiber  damage  away  from  the  fracture  area  by 
sectioning  and  polishing  the  surface  and  using  an  optical  miero.scopc. 
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3.4.1  Damage  Assessment  Preparation 

Al'tcr  completing  the  fatigue  and  residual  strength  tests,  the  half  of  all  specimens 
were  prepared  I'or  dtiniage  assessment.  This  was  accomplished  by  cutting  the  fracture 
suri'acc  off  using  a  diamond  cutting  wheel,  and  .sectioning  the  remaining  portion  of  the 
specimen  for  polishing  and  etching  as  shown  in  Figure  7. 


Polishing  htching 


Figure  7.  Sectioning  of  Specimens  for  Htching  and  Polishing 

3.4.2  Ktching  Tochiiique 

A  three  percent  solution  of  Ammonium  Fluoride  and  Hydrofluoric  Acid  (NH.)F’  + 
HF)  is  applieil  to  the  specimen  to  make  the  first  liber  layer  appear.  This  kind  of  liquid 
solution  can  iniVinge  the  alpha  (tx)  pha.se  which  exists  inside  the  matrix  and  make  a  phase 
precipitate  which  enables  one  more  easily  to  observe  the  slip  band  (strialions),  m  irix 
cracking,  etc.  However,  the  main  reason  for  etching  in  the  prc.senl  study  was  to  evaluate 
the  fiber  cracking  that  may  have  occurred  away  from  the  fracture  surlace.  Ftching  away 
the  matrix  was  considered  a  more  accurate  method  of  evaluating  the  amount  of  fiber 
damage  because  it  is  likely  that  the  act  of  the  polishing  may  induce  additional  cracks 
within  the  fibers. 
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3.4.3  Polishing  Technique 

The  Ollier  part  of  sectioned  specimens  were  mounted  in  Bueliler  Konduetimet,  a 
conductive  mounting  compound,  using  a  Simplimet  mounting  Press.  The  first  step  in  the 
polishing  was  to  use  the  magnetic  wheel  with  diamond  disks  for  fine  grinding,  rough 
polishing,  and  medium  polishing,  Hach  of  tlie.se  steps  required  .10-40  seconds  to 
coiiiplete.  This  v/as  followed  by  1.“!  )ani  diamond  paste  on  3  x  5  in.  glass  plale  combined 
with  extender  hand  polished  in  a  figure  8  manner  for  3  4  minutes.  Next,  the  mounted 
section  was  then  placed  on  a  Buchler  Vihromet  vihraling  polisher  with  meladi  extender  in 
a  I  |.im  iliamond  slurry  for  2  hours  and  then  the  niounled  .sections  were  transferred  to  a 
Teximel  with  1  pm  diamoiui  slurry  for  overnight  polishing.  At  last,  the  iiioimlcd  sections 
were  passed  on  to  the  Mastermcl  fur  2  3  hours  with  an  aggressive  chemical  polish  which 
removed  all  .scratches  larger  than  0.06  urn.  After  all  the  mounted  section  specimens  had 
been  polished,  they  were  ready  for  examination  under  an  optical  microscope.  The  purpose 
of  this  examination  was  to  observe  the  cracks  within  the  matrix  or  fibers,  debonding 
helween  the  fibers  and  matrix  interface,  rtc. 
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3.4,4  Fracture  Surface  Analysis 

The  fracture  surfaces  were  investigated  by  Amray  810  scaimmg  electron  micro¬ 
scope  (SliM)  system  to  observe  the  damage  of  the  fracture  suiface  which  included  the 

r 

microcracks  of  the  matrix,  dimple  (or  ductile)  failure  for  maliix,  debonding  of  fiber- 
matrix  interface,  and  fiber  cleavage  (or  brittle)  failure. 
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3.4.5  Fiber  &  Matrix  Damage  Analysis 

The  etched  sections  were  used  with  SEM  to  observe  the  fiber  or  matrix  damage. 
The  polished  sections  were  used  with  the  optieal  microscope  for  the  same  purpose  of 
examining  the  fiber  and  matrix  damage.  Both  techniques  were  employed  to  ensure 
reliability  and  to  evaluate  the  most  ai^propriate  technique  for  damage  observation. 


4.  Results 

The  objective  of  this  investigation  is  to  study  the  residual  strength  behavior  at 
difl'erent  percents  of  fatigue  life  of  unidirectional,  [0]k  ,  and  cross-ply,  [()/90]2s  ,  SCS- 
6n'i-15-3  metal  matrix  composite  laminate  at  427“  C  under  tension-tension  loading  with 
a  stress  ratio  (R)  of  0.05,  and  frequencies  of  10  Hz  and  5  Hz.  Results  of  each  laminate 
will  he  di.scussed  separatedly  in  the  following 

4.1  Unidirectional  Laminate 

4.1.1  Macromechanieal  Rc.spunsc 

The  imidireetional  specimens  were  cycled  at  a  maximum  stress  of  900  MPa  with 
10  Hz  using  a  triangular  waveform.  The  ability  of  tlie  controller  to  maintain  the 
m;ix./min.  stress  throughout  the  test  was  examined  and  any  variation  in  stress  was 
neglible  (less  than  2  %). 

4.1.2  Fatigue  Response 

The  fatigue  behavior  was  initially  dominated  by  creep  del'ormalion  of  the  matrix. 
The  specimen  failure  was  a  result  of  either  fiber  fracture  or  matrix  cracking. 

A  nonlinear  stress-strain  rcsiion.se  was  observed  during  the  first  fatigue  cycle. 
■Slip  bands  provided  the  physical  evidence  of  plastic  deformation.  It  was  also  verified 
from  dll’  slress-slrain  response  curve  during  cycling  where  the  linear  loading  modulus  and 
unloading  modulus  were  equivalent, 

When  an  MMC  specimen  is  subjected  to  fatigue  icsiuig  using  the  load  controlled 
mode,  the  strain  would  show  a  rapid  incrca.se  at  the  end  of  the  latigue  life  for  the  malrix- 
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dominated  failure  mode.  The  reduction  in  stiffness  suggests  that  this  behavior  was  the 
result  of  fatigue  damage  (matrix  cracking). 

Figure  8  and  9  illust.ate  the  slre.ss  strain  response  for  the  unidirectional  laminate 
under  the  monotonie  loading  and  cyclic  fatigue  loading.  From  Ingure  8,  it  shows  that  the 
linear  churaeteristics  behavior  occurred  on  thc.se  MMCs.  Also,  for  the  fatigue  loading 
case,  as  the  applied  cycle  numbers  increa.ses,  the  permanent  strain  increa.ses  and  the 
modulus  of  the  specimen  decreases  until  failure. 
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Figure  8.  .Stress- .Strain  Resjronsc  lor  |()|)(  Laminalcs  al  427"  with  a 
Stiess  Kale  of  15  MPa/s  (Monlonic  Test) 
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A  coiiiinon  consequence  of  I'aligue  in  composite  is  a  leduclion  in  slilTness  wliieli 
begins  very  early  in  llie  ralij;uc  lil'o.  'I'lie  moiliiliis  versus  cycles,  aiui  norinali/ed  inodulus 
versus  norinali/ed  cycles  diagrams  arc  sliowii  in  Ingures  10  and  1  I,  rcsjieclively.  'riie 
moilulus  drop  is  shown  to  be  ajiproximalely  ^  91-  over  the  latignc  lile.  The  normalized 
modulus  IS  defined  as  the  measured  modulus  during  the  fatigue  tost  divitled  liy  Ihe  inilial 
modulus  of  the  undamaged  specimen  (i.e.,  HIM,).  In  the  same  way,  the  normalized  cycle 
is  the  measuied  cycles  divided  by  the  fatigue  life  (i.e.,  N/Nj)- 
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I'igLia-  12.  (  ompari.sons  lor  llio  |()|k  l.aininalc.s  l•■all^’lle 'i'csi.s  at  a,„,,x 
-.‘700  MPa,  R=0,05,  r=--IO  II/,.  427"  (’  rondilir-n.s 


The  residual  .slienylh  lesulls  of  the  iiiiidii'celional  laininules  tor  these  lesls  aie 
shown  in  higures  1.1  and  14.  and  Table  3.  In  I'lguie  13.  it  is  ob.served  dial  Uie  resirlual 
strenglh  ol  the  unidiieelional  laminale  decreases  with  inerea.sc  ol'  the  applied  I'atigue 


R  esidual  Strength  (M  Pa) 


cycles,  however,  this  decrease  is  very  small.  Rather  than  a  gradual  decrease  over  the  life, 
the  strength  of  the  .specimens  exhibited  more  of  a  catastrophic  or  critical  drop  in  strength 
near  the  end  of  the  life. 


Cycles  (N) 

Figure  13.  Residual  Strength  &  Cycles  Relationship  for  jOJe  Laminate 
at  427"C.  R-Q.d-I,  o„„,=90()  MPa.  f=l()  H/  Conditions 
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Table  3:  Residual  Strength  Results  of  jOIx  Laminates  &  Their  Applied  Conditions 
(0,uux=9O()  Ml’a) 


Specimen  Load  Cycle  Area 

Type  Mode  Numbers  (inrn^) 


Unidire-  Static  0  12.9 

ctional  * 

(900MPa) 


12.92  0.00002  10  0.00226 


12.91  0.00014 


12.93  0.001085 


12.92  0.000453 


Static  test  witli  a  stress  rale  of  1 5  MPa/s 
Specimen  failed  before  got  the  residual  strengtii 


427"  C 

1385.7 

" 

1324.5 

** 

1287 
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4.2  Cross-Ply  Laminate 

4.2,1  Macroniechanical  Response  for  CT,nax=450  MPa 

Five  specimens  of  cross-ply  lay-up  were  tested  under  fatigue  to  a  tnaxiimini  stress 

of  450  MPa.  Thc.se  consisted  of  a  fatigue  test  to  I'ailure,  and  lour  other  residual  strength 
tests  to  38%,  40%,  50%,  75%  of  fatigue  life  of  the  first  fatigued  specimen.  After  having 
reached  the  pre-determined  cycle  limit,  each  residual  strength  specimen  was  tested  under 
a  static  load  to  failure  with  a  stress  rate  of  15  MPa/s  to  get  the  residual  strength.  All  the 
fatigue  tests  were  performed  with  an  R  (minimum  load/  maximum  load)  of  0.05,  and  a 
frequency  of  10  Hz  under  427'‘C.  Two  static  te.sts  of  the  virgin  crossply  materials  were 
also  conducted. 

The  stress  strain  curve  for  static  loading  is  shown  in  Figure  15.  It  presents  the 
slightly  nonlinear  characteristics. 
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The  modulus  vs  cycles  relationships  are  demonstrated  in  Figures  16  and  17,  At  the 
beginning  of  the  fatigue  test,  the  modulus  decreased  slightly,  followed  by  little  or  no 


the  fatigue  life,  where  it 


continued  to  drop  with  uiercasing  cy  Ics. 
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Figure  1 6,  Modulus  Cycles  Rcspon.se  for  l0/9()|j,,  under  Cyclic  Loading 
at  =:450  MPa,  R=().{)5,  l“l()  H/„  427"  (’ 
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The  strain  vs  cycles  are  shown  in  i'igures  *8  ami  19.  As  it  can  be  seen  in  the.se 
ligures,  there  was  a  rapid  increa.se  in  strain  over  the  first  few  cycles.  This  may  be 
attributed  to  viscopiastic  deroinialion  of  the  matrix  and  was  a  very  short  lived  cITect. 
This  was  followed  by  a  plateau  region  with  a  very  slow  increase  in  strain  to  failure. 
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Figure  18.  Max.&  Min.  Strain  vs  Cycle.s  for  f^'atiguc  Test  al  cTnmx  =450  MPa, 
R=0.05, 1  =  10  Hz,  42TC 
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The  residual  slicnglh  results  of  the  cross-ply  for  the  specimens  fatigued  to  450  MP;i 
maximum  stress  are  shown  in  Figures  20-21,  and  Table  4. 
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I'igure  20,  Residual  Strength  v,v  Cycles  for  10/00 hs  Lamiiiiites 
at  427"  C,  R=0.05, 1=10  II/.,  a,„„,=450  MPa 
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Hiyurc  21.  Normalized  Rc.sidual  Sticnglii  v.v  Logarithm  Cycles  lor 

10/y()l2,sLaminatc.s  at  427"  C.  R=().().‘i,  I'^lOHz,  ct,„„x=45()  MPa 


Table  4.  The  Residual  Strciij  Jh  Results  for  |()/y()l2s  Laminates  and  'I'lieir 


Specimen 

Type 

Load 

Mode 

Cycie 

Numbers 

Area 

(mm^) 

Max. strain 

Change 

(mm/rnm) 

Frequ¬ 
ency 
OHz)  . 

Thermal 

Strain 

(rnm/mm) 

Temp¬ 

erature 

Residual 

Strength 

(MPa) 

Static 

0 

13.30 

0.00268 

427"C 

" 

// 

13.51 

0.00266 

// 

843.79 

Cyclic 

6,598 

(38%) 

13.36 

0.00049 

H 

0.00262 

768.14 

" 

7.003 

(40%) 

13.27 

0.00062 

B 

0.00276 

450  * 

// 

13.60 

0.000205 

0.00274 

bhi 

859.2 

" 

** 

1 0  692 
(75%) 

0.00233 

B 

0. 00266 

■ 

662.64 

// 

0.001014 

B 

0.00331 

B 

450 

.Specimen  failed  before  residual  strength  obtained 


4.2.2  Macromechanical  Response  tor  a,„us=3(M)  Ml’a 

Six  tests  of  the  crossply  material  were  conducted  at  a  maximum  stress  ol'  300  MPa 
in  fatigue.  This  lower  stress  level  was  cho,sen  to  determine  il'  the  eharaetcrislies  of  the 
residual  strength  behavioi,  as  observed  previously,  were  dependent  on  the  maximum 
stress  of  tlie  fatigue  load. 

The  maximum  strain  vs  cycles  relationships  were  shown  in  Figure  22.  The  strain 
increased  with  the  increasing  cycles. 
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Figure  23  shows  Ihe  niodiiliis  unci  cycles  iclalionshlp  for  these  fatigue  tests.  Also, 
from  these  plots,  the  modulus  was  I'ound  to  decrea.se  slowly  with  cycles  in  an  almost 


linear  fashion  until  approximately  two-thirds  of  the  fatigue  life  t)f  the  I'irst  fatigued 
specimen  at  which  point  the  modulus  dropped  more  rapidly. 
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-igure  23.  Modulus  u.v  C’yeles  for  iO/d()|  .s  Laminates  at  427"  C.  K=().().‘i, 
f^.")  I  I/.,  a,„„=3()()  MPa 
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'file  residual  strength  results  after  dilTerent  percentages  of  laiigue  lile  are  shown  in 
Figures  24  and  2.3,  and  'I'ahle  .3.  These  specimens  were  loaded  at  a  constant  stress  rate  of 
1.3  MPa/s  I'wo  siieeimens  failed  before  the  residutd  strength  could  be  obtained. 
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Table  5.  The  Residual  Strength  Results  for  |0/9()jis  Laminates  and  Their 


Applied  Conditions  (Ohim=3(K)  MPa) 


Specimen 

Type 

Load 

Mode 

Cycle 

Numbers 

Area 

(mrn*^) 

Max. Strain 
Change 
(rnm/mm) 

Frequ¬ 

ency 

(Hz) 

Thermal 

Strain 

(mm/mm) 

Temp¬ 

erature 

Residual 

Strengtn 

(MPa) 

Cross-Ply 

OOOMPa) 

Static 

0 

13,51 

0 

0.00266 

427"C 

995.86 

13.30 

" 

0,00268 

843.79 

Cyclic 

50,010 

13.33 

0.000706 

5 

0.00266 

767.17 

80,009 

13.53 

0.000809 

r> 

0.00262 

511.62 

•• 

94,153 

13.24 

0.00085 

ft 

0.00278 

•• 

300.00 

•• 

100,011 

13.32 

0.000838 

" 

0.00264 

481.20 

a 

186,003 

13.00 

0.001034 

0.0030 

300.00 

The  eoniparisons  of  the  eross-ply  laminates  til  dilTereiil  stress  level  tire  shown  in 
l■igures  2b  and  27,  ainl  Table  b.  Although  the  latigiie  tests  were  applied  at  dilTerent 
frequeiiey,  the  results  were  very  siniihir  lor  the  res|)onse  of  modulus  vs  eyeles  anti  strain 
vs  eyeles.  In  both  instanees,  the  modulus  didn’t  ehange  tmieh  bel'ore  Iwo-thirds  of  the 
I'iitigue  lil'e  or  until  near  the  entl  of  the  I'aligue  life;  whereas,  the  slrtiin  for  |()/b()|is 
laminates  inereased  grttdually  with  the  inereasing  eyeles  until  near  the  end  of  the  faligue 
life  when  it  inereased  sutldenly. 
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4.3.  Macroscopic  Comparisons 

This  soclioii  |)i  ovidcs  llic  comparison  of  all  three  sets  of  tests. 

4.3.1 1'ensilc  Loading 

Figure  2H  shows  that  the  modulus  of  the  unidireetional  specimen  was  higher  than 
tile  eross-ply  laminates  as  is  expected. 
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Figure  29  di.splay.s  the  normalized  modulus  and  noniiulizcd  L'yclcs  relationships 
lor  ihe  unidirectional  laminates  and  eros.s-ply  laminates.  As  expected,  cross-ply  laminate 


showed  more  degradation  in  modulus  than  the  unidirectional  laminate. 
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['igui'i;  29.  Noniuilizcd  Modulu.s  vs  Normalized  Cycles  for  |()|s  &  |0/9()|2^  Laminales 
I'aiigue  'I'esls  at  427"C,  R=0.0r.,  1=10  Hz(5Hz).  a,„„x=90{).  4.^0,  .^00  MPa 
Coiidilions 
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'I’hc  normalized  residual  sirenglh  vs  normalized  cycies  is  shown  in  P'igiiiv  .^0.  'I'he 
same  general  trend  is  i  li.scrved  in  all  tests  as  the  residual  strength  drops  ra]iidly  near  the 
end  of  the  I'atigiie  life.  Al.so,  a  .scatter  in  the  .s|x:eimen  fatigue  life  of  approxinaitely  a 
factor  of  two  is  observed.  The  eornpari.sons  of  unidiieetionaL  !''»]«,  and  eross-idy,  lO/hOli, 
laminate  tests  including  static,  fatigue,  and  residual  sliength  results  are  shown  in  'I'ahle  7. 
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Table  7.  The  Results  of  Static,  Fatigue,  Residual  Strength  Tests  of  [0J«  &  [0/90]2s 


at  427"C 


Specimen 

Type 

N 

(MPa) 

A  £mnx 
(%) 

^  £mih 

AE 

(GPa) 

R.S. 

(MPa) 

<7ull 

(MPa) 

fOls 

7,645 

900 

0.002 

().(X)I8 

2.59 

1324.5 

(ii) 

f/ 

13,284 

tt 

0.0 1 1 

0.0148 

3.61 

1287.0 

tt 

tr 

20,004 

tt 

0.0453 

0.0462 

13.75 

900.0 

tt 

ft 

20,224 

tt 

0.1085 

0.1 182 

8.51 

900.0 

tt 

tt 

1,385.7 

I()/90hs 

6,598 

45t) 

0.049 

OAmi 

0.89 

768.14 

(b) 

ft 

8,004 

tt 

0,0205 

0.0482 

0.92 

859.2 

ft 

tt 

10,692 

tt 

0.0298 

0.07 1 8 

10.02 

662.64 

ft 

t» 

17,023 

tt 

0.1014 

0.0984 

16.02 

45t).00 

ft 

tt 

— 

995.86 

" 

50,010 

300 

0.0706 

0.0495 

5.13 

767.17 

(c) 

tt 

80,010 

ft 

0.0809 

0.05t)9 

1 1.4 

5 1 1 .62 

ft 

ft 

100,010 

" 

0,0838 

0.0610 

19.27 

481.20 

tt 

tt 

186.000 

tt 

0.1034 

0.1041 

28.54 

300.00 

ft 

tt 

843.79 

*  Moiiolonie  1’ost  for  Unidirectional  [Oln  Laminate  vvitli  a  Stress  Rale  of  1 5MPii/s 
t-*  ^  ivionotiiiiie  Test  for  Cross  I’ly  lOAJObs  Laminates  with  a  Stress  Rate  of 


ISMl’ii/s 

The  Ajrplied  ITeiiuencies  for  (a)  Si.  (b),  and  (c)  were  lOU/.,  Kill/,,  and  fill/,,  Respectively. 


4.4.  Microscopic  Comparison 

The  typical  distribution  of  the  fibers  within  the  rnettil  matrix  composite  are  shown 
in  figure  3 1 .  The  fiber  volume  fraction  was  approximately  0.35. 


I•igure  31.  fiber  Distribution  within  the  Laminate 


4.4.1  Unidirectional,  10|h,  Laminate 

I'lacture  analysis  indicated  interlace  debemding  between  fiber  and  the  tnatrix 
during  the  tensile  testing  as  the  matrix  exhibited  plastic  “necking"  between  the  libers  as 
shown  in  l-igure  32.  Also,  it  is  loi.md  that  tlie  dcgriidaiion  or  the  fracture  of  the  fiber 
coating  layer  occuried  during  I'atigue. 
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Under  the  scanning  electron  microscope  (SEM)  observations,  Figure  33  displays  that 
cracks  initiated  from  the  fiber-matrix  interface  and  propagated  through  the  matrix. 

During  the  tensile  testing,  a  crack  could  initiate  from  the  debonded  fiber-matrix 
interface  and  extend  to  the  debonded  interface  of  the  neighboring  fiber.  The  micro- 
structural  characteristics  were  evaluated  near  the  fracture  surface  under  SEM.  Some 
cracks  were  observed  along  the  longitudinal  direction  of  the  fiber,  In  Figure  34.  the 
debonding  between  fiber  and  matrix  was  clearly  observed.  A  crack  which  appeared  to 
initiate  from  the  debonding  liber-matrix  interlace  of  one  fiber,  extended  to  the  debonded 
interface  of  the  neighboritig  fiber.  The  crack  propagated  through  the  malrix  as  well  as 
interface.  Hence,  interface  debonding,  matrix  cracking,  ami  fiber  cracking  contributed  to 
the  fracture  proce.ss  of  tensile  behavior. 


I  'igure  34.  Interface  Debonding  between  Fiber-Matrix 
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4.4.1. 1  Fiber  Dominated  Failure  Mode 


The  progression  of  dcl'ormulion  and  damage  for  the  fiber-dominated  failure  mode 
was  plastic  del'ormation  of  the  matrix,  creep  deformation  of  the  matrix,  and  fracture  of 
flLwi's  which  resulied  in  the  iailure  of  specimens.  Figure  35  showed  a  ty]ncal  liacture 
surl'acc  of  a  specimen  tlial  exhibited  u  fiber-dominated  Iailure  mode.  Most  ol'  the  fibers 
had  pulled  out  of  the  matrix.  The  dimple  i)atterns  in  the  matrix  represented  the 
eoaleseenec  ol  miciovoids,  which  was  characteristic  of  a  ductile  fracture.  This  type  of 
fracture  surl'acc  was  typical  ol'  the  static  tensile  specimens  ami  the  low  life  fraction 
residual  strength  tests. 


Figure  3.5.  Fracture  .Surface  Dominated  by  Fiber  Failure  Mode 
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4.4.1. 2  Matrix  Dominated  Failure  Mode 


Figure  36  shows  the  I'lrst  layer  of  libers  from  the  surface  of  the  specimen.  Several 
matrix  cracks  were  oh, served.  In  addition  to  matrix  cracking,  there  was  also  the  debonding 
of  the  fiber-matrix  interface.  This  phenomena  explained  the  reduction  in  stiffness  during 
the  fatigue  tests. 


Figure  36.  ITacture  Surface  Dominated  by  Matrix  Failure  Mode 
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4.4.2  Cross-Ply,  [O/W^s,  Laminate 

During  (he  fatigue  ol'  the  erc)ss-ply  specimens,  Ihi-cc  stages  of  behavior  were 
observed  (us  could  be  seen  in  Fig.  37).  Strain  in  the  .stage  1  rapidly  increased  within  the 
first  few  iwcles  due  to  plastic  deformation,  in  the  stage  II,  tiie  strain  increased  stcadly  with 
fatigue  cycles  indicating  ;i  laligue  crack  started  to  initiate  and  propagate.  In  stage  HI,  the 
strain  increa.sed  rapidly  utitil  composite  iailurc,  indicating  the  matrix  crack  was  near  its 
critical  lengtli  aiul/or  fiber  failure  was  occurring.  Also,  due  to  the  tratisvcrse  plies  in  the 
cross-ply,  the  fatigue  cracks  in  the  unidirectional  siieciineti  were  tnorc  difficull  to  initiate 
lhati  in  the  cross-ply. 
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The  first  damage  mode  that  normally  formed  was  matrix  cracking  along  the 
transverse  fiber  directions.  These  cracks  generally  formed  through  the  ply  thickness  and 
across  the  width  of  the  specimen,  and  continued  nucleating  until  a  stable  regular  array  of 
cracks  typical  of  the  laminate  had  fr)rmcd. 

4.4.2. 1  a,„„*=450  MPa 

Tor  the  s|X'cimen  cycled  to  8,004  cycles,  a  crack  appeared  to  have  initiated  from 
the  transvcise  fiber  located  at  the  fiber-matrix  intciTace  and  extended  to  the  outer  surface 
of  the  specimen.  As  fatigue  cycling  continued,  the  crack  seemed  to  have  propagated  along 
the  interface  of  the  transverse  plies  and  extended  into  llic  matrix  of  the  ()"  plies.  Thus, 
matrix  cracking  atid  interface  dehonding  .seemed  to  be  the  dominant  fnicture  niechanism 
during  fatigue  loading. 

4.4.2.2  Ml>a 

The  same  type  of  fracture  surface  r)ccurred  at  this  strer  as  at  a  stiess  level 
MlAi.  At  SO, ()()()  cycles,  a  crack  was  ob.served  to  have  initiated  from  the  transverse  fiber 
loealeri  inside  of  the  specimen  as  tlemonslraled  in  T'igurc  48.  These  cracks  seemed  to  have 
iiiitiateil  from  the  ti  ansversc  l  iber  on  the  basis  of  the  [trevious  iliscussion. 
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4.4.2.3  C'oniparison  between  CT,„ax=4S()  MPa  and  a,„ax=3(M)  MPa 

Both  at  a  stress  level  of  450  MPa  and  300  Ml'a,  each  crack  initiated  IVom  the 

transverse  fiber,  propagated  to  the  surface,  grew  along  the  inierface  of  the  transverse  fiber 
and  the  matrix,  extended  into  the  matrix  and  continued  extending  along  the  interface  of 
neighboring  fibers  and  finally  penetrated  into  the  0"  plies.  Therefore,  matrix  cracking  and 
interface  debonding  appeared  to  be  tlic  prime  fatigue  fracture  mcchanistns.  The  number 
of  observed  cracks  increased  with  increasing  applied  cycles. 


V -,,3,  '  4^:1  ■  •  r  ': 


I'igure  3S.  Crack  Inilialcil  from  ■I'ratisverse  I'iber  l>irectit)n 


4.4.3  Observations  of  Ktched  &  Polished  Specimens 


As  previously  discussed,  the  f'raclography  of  monotonie  loading  tests  for  unidiiee- 
tioiial  and  cross-ply  laminates  near  the  fracture  surface  revealed  that  the  failure  was 
liominated  by  the  strength  of  the  fibers  as  shown  in  Figures  39  and  40.  For  the  fatigue 
tests  of  the  unidirectional  laminates,  I'iber-matrix  interface  debonding  was  the  source  of 
crack  initiation  sites  within  the  matrix.  Thc.se  matrix  cracks  propagated  transversely  from 
the  longitudinal  fiber  direction.  The  cro.ss-ply  specimens  displayed  a  similar  trend  except 
the  damage  initialed  at  the  interface  of  the  90"  jilies  and  then  propagated  along  the 
interfaces  and  through  the  matrix  from  fiber  to  fiber  within  the  90"  plies. 


I  'iguri'  -10.  (’rai.ks  1’mpiij.iiUcd  'IVaii-svcisc  (o  Ihc  l.oaciing  Dircctiiai 

4.4.d.l  For  |I)|h  Laminate 

The  ohservatioiis  ol  elehiiip  and  polishiiij;  spccinien  ol  llie  uimiiieelional  lainiiiale 
away  IVoiii  die  riaeliiie  .sinlaee  aiv  shown  in  l•iJlln■cs  41  (hrouph  40.  I'here  seas  no  eraek 
Ol'  iiuei-raee  dehonding  lor  .  ^U‘/t  ol  (he  laligue  life  of  ihe  liisl  laligneil  specimen  Inil 
al  V-'i'  i  ihere  oeenired  stmie  fiher  nuUiix  interface  dehoiulinp  and  mali  i.x  failuie. 


iguiv  42,  I’olishinji  Ob.scTViilioii  on  25  'i  N,  or|()|s  Laminate  Ml 


M.iiurc  43.  I'lehiiii!  Oh^ervalion  on  50  O  N,  ol  (Ojn  l.aimnali-,  a,„,|,,:^-')()()  MPa 


I'itiUiv  44.  I’uli^liini'  ()hsci'\'iilion  on  .‘S('  Vi  N|  ol'  |()|s  I .amiiKiti.'.  nn,;,\-9()()  MI’a 


I'iiiuiv  -U).  I’olisliiiij:  Ohsci'valion  on  7,S  '1  N.  ol  |()|s  1  .ainiiiuit',  cT|,|,,x-‘^()()  Ml’n 


4.4.A2  I 'or  I  <>/*><>  I ^  l-aiiiiiiiiti- 

TIk'  Minic  phcMoiiionon  ns  was  ohsnA nl  in  (lie  uniilireclional  laininale  oecuneii  in 
llie  eioss  ply.  The  iiialii.s  laileil  ihronalionl  (lie  widlli  ol  (lie  spiaaiiK'n  al  near  (he  end  oh 
la(iL’ne  lil'e  as  slunvn  in  l-iiiuie  47,  Heloiv  (wo  (liinls  o(  (he  (aliinie  lile  ol  (he  riis( 
ladL'iieil  specinien.  (In'  tianiage  ol  (liese  eros.s-|ily  lanniia  are  (he  same  iL'eaulless  ol  (lie 
elleel  ol  (he  applied  sire  .s  level,  /.c.,  (he  applied  sdxss,  4.S()  N  pa  and  .M)()  Mpa  did  nol 
alleel  (he  mode  ol  (lie  laliiine  lailnie.  I  nrllier  disenssion  ol  (lie  damape  modes  and 
addiiiunal  |iholoiiraplis  are  piesi-nleil  in  eliapier  .“s. 


5.  Diccussion 

5.1  Deformation  Mechanisms 

Fatifiue  life  response  can  be  divided  into  Ihrec  distinci  legions.sce  I-igure  48  |21  ]. 
In  the  low  cycle  legion  (within  200  cycles)  die  applied  stress  level  is  slightly  de|remient 
upon  cycling. 


I'igure  48.  'I'lirce  Regions  Response  for  l•atiglle 


In  the  high  stress/low  cycle  region  (>  It)''),  the  strength  is  highly  ilepen.lent  on  the 
liber  mean  strength  ;aid  strength  distribution.  In  the  .second  region  (200  to  It)"'  cycles),  the 
logarithm  of  the  ap[ihcxl  sticss  decreases  almost  linearly  with  the  number  of  cycles. 
Fatigue  lailuie  in  this  region  occurs  by  (he  growth  of  matrix  microcracks  Icniding  to 
|)releiential  fiber  failure.  In  the  third  region,  the  ap|ilied  stress  was  below  the  miciocrtick 
imtiiilion  stress.  For  low  I'aligue  sli'ains.  damage  initiates  in  (he  niatiax  aiui  (he  com|)ositc 
possesses  a  longer  fatigue  life  than  the  mtiirix  itself. 
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Fatigue  claiiiagc  consists  ol  various  coiiibinatioiis  of  matrix  cracking,  debonding, 
dclaniination.  void  growth,  and  fiber  bicakagc,  etc.  As  a  result,  I'aliguc  cannot  be  defined 
in  terms  of  a  single  lailure  mode. A  common  comscquencc  ol'  fatigue  in  composite  is  a 
reduction  in  stiffnes"  whieli  begins  very  early  in  the  fatigue  lil'e  (see  F'igures  10,  17.  and 
29). 

Hence,  it  is  possible  to  define  fatigue  failure  in  terms  of  stifliiess  reduction, 
Ibwever,  for  the  present  study  only  a  slight  reduction  in  stiffness  w;is  observed  over  the 
life  (less  ihttn  10  '7r).  Also,  this  i|uanlily  was  difficult  to  nietisure  at  the  required  level  of 
tieeitracy. 

'I'he  lest  specitnens  were  cut  I'roni  a  large,  continuously  rcinforeed  jMate  and, 
cnnseiiuetilly,  conlainetl  citt  fibers  ttlong  the  etlges.  ’fbese  locitlions  were  potential  stress 
cittieetilratioti  or  crack  iiiilialion  poitits.  Melallograithy  of  the  fatigued  specitnens  revealed 
extensive  ititUrix  erackittg  throughout  the  citlire  cross  section  of  the  spei'imeti  as  eati  be 
seeti  in  Figure  49, 


5. 1.1  I’laslie  Deforinutioii 

file  plastic  deforiiiiilion  in  the  metal  malri.x  render,',  the  lesiill  tinil  the  overall 
sliess  response  becomes  a  strong  function  ol  the  applied  loading  path  as  well  as  llie  fiber 
oiienlation  ;ind  ilisiribulioii  within  the  ductile  matrix  The  fiber  volume  fritclioii  is 
approximately  about  ()..(?  (see  I  'g.  .f| ).  When  the  unidircciiotially  reinloiei'i.!  eoiii|)osile  is 
loadcrl  in  tension  along  (he  axis  of  (he  fibers,  (he  loatl  is  carried  |rrimarily  by  the  brittle 
elastic  fibeis  and  (here  is  very  little  pUislic  rleformalioii  in  (he  intervening  riuclile  matrix. 
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5.  2  Macroscopic  Observations 

The  jircNeiU  study  depicted  a  traditional  slress-slraiii  response  during  cycling  I'or  a 
specimen  whose  dominant  railure  mode  was  matrix  cracking.  A  nondincar  stress-strain 
relationship  was  observed  in  the  first  few  cycles.  This  was  a  rcstilt  of  plastic  deformation 
of  the  matrix. 

5.2.1  Macruniechanical  Ke.spoiise  tor  |U|h  Laminate 

7'he  modulus  vs  cycles  (I'ig.  10)  curve  depicts  a  drop  in  the  motitiltis  after 
approximtilely  'wo-thirds  of  the  fatigue  life  of  the  first  fatigueil  specimen.  The  strain  vs 
cycles  (Tig.  12)  curve  also  indicates  composite  damage  near  the  enii  of  the  fatigue  life  due 
to  the  increasing  strain.  Thus,  these  plots  suggest  the  majority  of  the  damage  oi'curs  near 
the  end  of  the  fatigue  life. 

5.2.2  Macromochanical  Rosponse  for  |0/‘10j2s  Laminate 

ITom  I'igtires  17  tiiid  2d.  the  modulus  ilid  not  drop  mtich  with  the  ineretising 
cycles  until  iipproximately  Iwo-tlurds  of  the  total  fatigue  life.  The  modultis  decrease  was 
ticcomptmicil  by  ;i  slrtiin  incrctise  which  represented  tluit  the  damage  had  been  formed 
vv'ilhiii  the  himinate.  Also,  the  residual  strength  results  rlemonslrated  significant  scatter  in 
the  ilata  with  a  rapid  drop  in  streiigtli  neai  the  eiul  ol'the  fatigue  life.  I'liesc  trends  indicate 
the  existaiice  of  a  critical  point  in  the  matrix  crack  jiroptigation  wiiere  the  strength 
decrea.se.s  rapidly  with  cycles.  Also,  the  data  sciitlcr  may  point  to  the  statistical  vtiriation 
in  fiber  strength  along  the  mtitrix  crack. 
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5.  3  Microscopic  Responses 

5.3.1  IVIicromechanicai  Response  for  |()|h  Laminate 

I'igua'  50  shows  a  typical  lYacture  surface  of  a  specimen  that  presented  a  duelile- 

inatrix  failure  mode.  Most  ol'  the  fibers  had  been  inilled  out  of  lire  matrix.  This 
represents  the  tensile  overload  failure.  All  fractured  specimens  jiossesscd  an  area  of  the 
surface  exhibiting  these  characteristics.  ’I’lie  only  diffcreiiee  was  the  percent  ol’  the  surface 
that  could  be  classified  as  overload  region.  The  specimens  with  more  fatigue  life 
possessed  a  smallci'  ductile  ovciioatl  surface.  The  percentage  of  the  fracture  itrea 
ditminated  by  fatigue  or  by  overh>ad  lor  indivii'ual  uniilirectional  tested  specimen  aie 
shown  in  bigures  51 .  52,  and  5.t,  and  Table  K. 
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I'igure  50.  h’laeture  l-’ailure  nominated  by  Matrix 
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The  inalriN.  helvN'eeii  laileil  lilierv,  had  some  iliinple  paueriis  as  eaii  he  seen  in 
Ihjuire  hh.  This  iiuhealed  dial  the  mains  experieiieeil  duilile  iieekiii.u  helweeii  broken 
I  ihers  diiriiip  ihe  I  iiial  I  raeUire. 
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5..'. 2  Microiiu'cliimical  Olist'i  viilidiis  IVm-  I -aniiiiiili' 

TIk'  |triin;iiN  laliiMir  ilain:i!'c  inilialion  iikk-liaiiism  in  all  ilk'  IcMs  \\'as  ilk' 

iraiissarsa  rrai  ks  m  ii'iiialini'  al  llii'  ink'rrai.'i.'  ol  ‘Xl"  lilu'is  and  llk'it  propa;’,aliii>.',  oiilw  aid 
Irum  ‘.'0"  IiIh'Is,  I'h.'  ir.uk\i.'i'.c  inaln\  ciacks  inijjinak'd  al  ihc  ink'iiaik'  in  ')!)"  IiIh'I', 
pii)p;i!',iU'(l  low  aid  0"  I  iIh'i  s  and  dnl  lai  ii'd  in  0"  liln-i  diivi.  linn  dm'  In  ilu'  wa'akci'  nik'ilai'i.' 

I  lk'  niK  iiisi  opu  iihsri  \  ainniT  vln'wcil  a  i\\  i>  rosMi'li  lailuu'  hch.iv  ini  Ini  spi'i'iiik'iis  w  illi  a 
mall  i\  di'iinn. Ik'd  lailnm  iiindn  l  lns  wa.^  nlisai  vad  in  ilk'  Iranliik'  Mii  lai'c  u  liirh 
riiiisisU'd  1)1  k\n  disliiu.'l  aii'a'^.  A  lallL'in-  ci.R'k  niuwlli  ri'L'iim  was  nhsiTM'd  klik'h 
possrsM'd  lalipik'  slnalions  and  a  u'lali'nlx  n\a'ii  siirlai'c  alun:'  m)  sialopi  aplin'  planes  nl 
ilk'  niiilii\  Ilk'  nllk'i  aica  eoiisisk'd  ol  diklile  iiialnv  lailine  IliiDiipli  \md  l.■l)ak'sl'lk■^.'. 
i'lnili  u'piiiiis  di'ininisiiaU'd  lihn  pullinil  Ilu-  pi'ii'i'iilai’e  nl  llie  Paelnii'  a.ka  dnminak'd 
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I'ablc  9.  The  Percentage  {'/r)  of  ['ailiire  Dominated  by  F-atigue  or  Overload  for  l()/9()|2.s  B 

Laminate 


.Specimen 

Maximum 

Applied 

Patiguc 

Overload 

Stress  (MPa) 

Cycle 

(%) 

(%) 

10/901:, 

450 

b,598 

~7() 

-30 

H 

8,004 

-60 

-40 

// 

10,692 

-75 

-25 

// 

500 

50.010 

-75 

-25 

80,010 

-  80 

-20 

n 

ft 

100,010 

-85 

-15 

There  were  three  types  of  fatigue  tiamage  nieehanisii...  isee  I-igure  bl )  wliieii  were 
fiber  bieakage,  matrix  crack,  and  fiber  nuilrix  debonding  I^amage  was  defined  by  the 
creation  of  new  free  surtaees  from  fiber  and  matrix  crack  growtli.  b'ibci  and  matrix  cracks 
could  cause  dchonditig  between  the  fiber  atnl  matrix  whicli  prevented  the  fibers  I'rom 
Iransiciring  any  load  to  tlie  matrix,  attd  debonding  miglit  akso  occur  fnmi  low  interface 
strength  cattsed  by  poor  mtUerials  jirocessitig,  lixtretiic  necking  arontnl  lilicrs  showed  a 
great  deal  of  debonding. 
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Liguie  f)l .  l  lirec  l•atigue  failure  moilcs  for  |()|k  undei  l.oad  I'arallel  to  Titreis 
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Although  tlic  present  study  exuniined  only  a  single  load  level  (‘)()()  Ml’a)  lor  tlie 
uiiidireetional  layup,  the  same  failure  nieehanisms  were  observed  as  in  the  fatigue  life 
man  (Fig.  61).  The  speeiniens  loaded  io  a  small  fraetion  of  the  fatigue  life  and  then 
loaderl  to  failure  for  residual  strength  testing  e.x]K‘rieneed  ductile  ttialrix  failure  aitd  fiber 
overload.  .Specimeirs  t'aligited  through  a  sigtiifieant  poriioti  ol  the  life  detuonslriited  ntoie 
matrix  eraeking. 

The  tuieritstruelutes  of  sevenil  polislit  d  eotttposile  stittijiles  were  itivesligaied. 
Thi  .  ohserviiiiMU  indiealed  that  durittg  tlie  IVaeluie  proeessiuy.  inlet laee  deooitding 
helweeti  Sit',  coaling  layer,  and  etirboti  eori.-  oeeitrred.  Also,  tnairix  pltisiieily  w;ts  evideiil 
from  slip  fititids  orietited  ;il  tipptoximttlel  /  ■IS”  front  the  fiber  axis, 

II  Ihe  frtieture  iniiitties  in  the  matrix  ttnd  the  crack  wtis  allnweil  to  grow  along  ihe 
fiber  ittii'iix  inlerliiee  witlioul  ti  fiber  fraelitre,  the  reilnelion  iit  slifftiess  wtts  very  smttll. 
This  was  tipptirenl  heetmse  ttuilri.x  ertieks  were  ob.servetl  in  Ihe  tesidutil  sirengih  tests  yet 
iheie  wtts  little  ledttetioii  iti  stiffness.  If  the  frtieture  inilititeil  anil  [irogressed  tilong  the 
fiber  mtiliix  inlerfaee.  there  wtis  tilmosl  no  reduelioti  in  the  longiludintd  stiffness, 
Follinving  it  fiber  fraelure,  the  ertiek  iniglii  grow  either  m  the  itititiix  or  tilong  the  liber 
matrix  interfai.e.  l.\-bondmg  along  the  fiber  maiiix  could  be  eaused  by  shetu -stress  or  the 


stress  111  the  transverse  diieetion. 


5.4  Data  Analj'sis 

Residual  Strength  Prediction  Model 

It  is  desired  to  develop  a  single  equation  with  norniali/.ed  parameters  which  can 
relate  the  residual  strength  of  the  given  material  to  the  applied  load  and  the  number  of 
cycles,  'file  following  power  law  relation  is  proposed  [22]; 

1  -f=ll  -PKN/N,)*  (liq.  1) 

where  f  =  a,  /Oui,  ;  n,  :  resitiual  strength  aftei  applierl  fatigue  cycles 
(7, III  :  ultimate  strength  of  MMC 
p-  a.i  /anil ;  O;,  :  aiqtlied  stress 
N/N|  :  life  I'raetion 
X  :  parameter 

where  X  is  a  parametei  iiilrodueed  to  aeeommodate  the  nonlinearity  in  the  residual 
strength  curve  ansi  is  a  |iaianieter  which  is  assoeialerl  with  nonlineaiily  of  rlegradation  in 
eoin|H)sile  laininates. 

I'igure  62  shows  a  least  s(.|uares  best  fit  for  the  three  sets  of  lest  conditions  ol  the 
present  study,  'I'lie  values  of  the  I,,  p,  X  Inrseil  on  the  e.siicrmienial  data  aiul  A  is  c•alculated 
b)'  l'A|.  2,  as  shown  in  fable  S. 
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6.  Conclusions 


The  pi'esciil  study  investigated  tlic  rcsitiual  strength  of  the  unidireetional  and 
cress-ply  SC’S-6/'l'i  15-3  conipirsitc  layups  at  elevated  teinpei'titure  (427"C).  The 
speciiiieiis  were  I'atigiied  to  various  IVitelions  of  tlie  I'aligue  lil'e  of  the  lirst  latigued 
neeinien  and  then  loaderl  nionotoniealiy  tt>  railure.  ■  purpose  was  to  determine  the 
elTeets  of  given  levels  of  laligue  tlainage  on  tiie  eoinposite’s  strengtli. 

All  tests  were  eoiulueteti  under  loail  eontrolleii  tensirni-teiision  mode  til  42  7 
The  unidirectional  speeimens  were  eyelerl  to  tt  ‘)()0  MTa  mtixiimmi  stress  at  ;i  IVei|ueney 
ol’  10  II/,  while  the  cross  ply  s|)eeiinens  were  tested  at  holh  300  Ml’ti  and  450  MPa  at  5 
11/  aiul  10  II/.  respeelivcl\ ,  The  lesidutil  strength  results  lor  the  all  three  etises  exhiluleil 
similtir  neiuls  in  that  the  |■^.‘sldu;ll  strength  droji  with  ey  .-les  wtis  smtill  until  netir  the  etui  ol' 
the  Ititigue  lil'e.  Thus,  the  material  exhibited  a  eriiietil  or  ealastioirhie  railure  behavior  as 
the  presence  ol  damag.e  must  reach  ;i  critical  level  lielore  it  has  much  eireel  on  the 
i-omposile.  Heyoiid  this  point,  the  ihimage  progresseil  rapidly  tocoinposile  lailure. 

Based  on  a  eomhinalion  ol  laligue  tests  monolonie  lest,  nuicrosco|ni' 
oliservtitioiis,  .iiul  litieliire  surlace  analysis.  The  I'ollowing  eonchisioii  can  he  nuule  lioin 
this  msesiigalion:. 

I .  t  he  laihire  mode  loi'  ihe  nunioUinie  tests  wtis  domnuiled  hv  the  siu-neih  ol  the  l  ibers 
lor  boih  longilmlinal  tind  eioss-ply  himniaies.  Also,  the  inelasiie  deloi iiialion  ol  the 
c>im|ni'4ie  Was  iouiid  io  be  rlomnialed  by  matrix  piastieity. 

2  boi  Ihe  iiiiulireeliniial  lamn  le  laligue  tests.  (Ir-boiiding  ol  ilu'  libel  matrix  interlace 
iici'iirred  lirst  I'liis  produced  damage  inilialion  sues.  These  damage  sites  were  both  on  Ihe 


sui'tacc  and  iiueriuil.  Matrix  cracks  from  tlicse  damage  sites  proceeded  to  propagate 
transverse  or  irerpeiidicularly  iVom  the  load  and  liber  directions.  Once  these  cracks 
I'cached  tlie  critical  Icngtli,  the  composite  failed.  The  cross-ply  specimens  displayed  a 
similar  trend  except  the  damage  initiated  at  the  interface  of  the  W  fibers.  'I’he.se  cracks 
pKipagated  along  the  interlaces  and  through  the  matrix  from  filler  to  liber  within  the  90" 
irhc.s.  I'ne  matrix  crack  then  penetrated  to  0"  plies  and  eventually  grow  to  a  critical  length. 

.V  Both  the  unidirectional  and  cross-ply  s|rocimen.s  demonslratcil  only  a  small 
dependence  of  the  residual  strength  with  cycles  until  near  the  end  ol'  the  fatigue  life.  'I’his 
residual  strength  Itchtivioi  coupicrl  with  the  observtnion  of  little  or  no  fiber  crticks  away 
from  the  fracture  surface  suggests  ilnit  the  critical  matrix  crack  was  completely  bridged  by 
he  fibers  for  most  ol'the  laligue  life. 
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